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Abstract 
In this paper a modified up-quenching heat treatment method (Tomita method) for AISI 4340 steel (ultra high 
strength steel) is proposed. A low alloy steel (0.33%C), was used to study the effect of isothermal austempering and 
modified up-quenching austempering heat treatment on the mechanical properties. The specimens, were cut from a 
bar with 25 mm diameter and after achieving the best temperature and time of austenitizing, austenitized at 800oC for 
60min and followed by quenching at 430oC for the high austempering temperature to achieve the upper bainite 
morphology and at 360oC for the lower austempering temperature to achieve the lower bainite morphology. The 
specimens selected for up-quenching, after austenitization were quenched to below Ms ( martensite start temperature ) 
( 320oC ) for 120sec, followed by heating at 500oC to achieve the mixed structure of tempered martensite and upper 
bainite for 1000sec. The specimens selected for modified up-quenching, after austenitization were quenched to below 
Ms for 120sec, followed by heating at 400
oC to achieve the mixed structure of tempered martensite and lower bainite 
for 1000sec. It is also shown that the best combination of strength and ductility can be achieved by the modified heat 
treatment that has been suggested in this investigation by the decrement of heat energy for the austenitization 
temperature, up-quenching temperature and time. 
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1. Introduction 
In recent years quenched and lightly tempered low alloy steels have been used for critical structural air 
craft and aerospace and solid propellant rocket applications [1, 2]. However, the use of these steels is 
limited by their poor ductility [1, 2]. In recent years, to overcome this problem and improve the 
mechanical properties of steels, many different methods such as the modified austemper[2-10], short time 
austenitizing[11], interrupt fast cooling[12], repetitive heat treatment[13-15], and step quench[16,17], 
have been proposed. The proposed heat treatment method in this paper offers a technique which 
simultaneously meets the severe engineering requirements in strength and ductility with reduction of heat 
energy. The results of the effect of this new method on the mechanical properties of AISI4340 steel at 
room temperature is compared with those of the conventional heat treatment methods such as isothermal 
austempering. The nearest standards to AISI4340 are: DIN34CrNiMo6 and JIS SNCM8. In this paper in 
section 2, the experimental procedure is elaborated. In section 3, the results are presented and the 
discussion is made.  
2. Experimental procedure 
A commercial AISI4340 steel was used in this investigation. The steel was obtained in the form of 
25mm diameter round bars. The chemical composition (wt-%) of the steel and Ms (martensite start 
temperature), Bs (bainite start temperature) temperatures are given in Table1. 
Table 1. Chemical composition of steel used according to the test result, wt-%. 
 C Si S P Mn Ni Cr Mo V Cu 
          
0.33 0.302 0.026 0.016 0.666 1.247 1.263 0.145 0.008 0.212 
          
Ms=340
oC, Bs=534
oC
 The mechanical properties of raw AISI4340 at room temperature are given in Table2. 
Table 2. Mechanical properties of raw AISI4340 according to the test results. 
Tensile Strength (MPa) Impact Energy (J) Reduction of Area (%) Elongation (%) Hardness (HV30) 
     
1069 63 51 15 370 
     
At first, to achieve the best temperature and time of austenitizing, cylindrical specimens were 
machined from the bar at 15mm diameter and 10mm height. After polishing, they were austenitized at 
800oC, 830oC and 860oC from 0.5min to 60min in a salt bath and water quenched. After the second 
polishing, they were tested with Vickers hardness by a mass of 30kg. The heat treatment schedules used 
in this investigation are given in Table3. 
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Table 3. Heat treatment schedules. 
Designation Heat treatment Microconstituent 
1.Isothermal austempering1 (IA1) Austenitize at 800oC (3.6ks), 
Austemper at 430oC (1ks), 
air cooling 
Upper bainite 
   
2.Isothermal austempering2 (IA2) Austenitize at 800oC (3.6ks), 
Austemper at 360oC (1ks), 
air cooling 
Lower bainite 
3.Up-quenching austempering (UQA) Austenitize at 800oC (3.6ks), 
interrupt quenched at 320oC
(120s), Austemper at 500oC
(1ks), air cooling 
Mixed structure of 
tempered martensite 
and upper bainite 
4.Modified austempering (MA) Austenitize at 800oC (3.6ks), 
interrupt quenched at 320oC
(120s), Austemper at 400oC
(1ks), air cooling 
Mixed structure of 
tempered martensite 
and lower bainite 
All the specimens were heat treated in a salt bath furnace. Mechanical properties have been determined 
from tensile and charpy impact tests. The tensile specimens were according to DIN50125 and the impact 
specimens were according to ASTM E23 as sub size. The test specimens were machined to a size slightly 
larger than the desired final dimensions before the heat treatment. After heat treatment, the specimens 
were ground to their final dimensions. The tensile properties were determined at room temperature (20oC), 
using an Instron machine, with a capacity of 50kN at a constant displacement rate of 6mm/min. The 
charpy specimens were tested in a Charpy impact machine at room temperature (20oC). The specimens 
were tested with Vickers hardness and by a mass of 30kg. 
3. Results and discussion 
The rate of austenitizing depends on the primary microstructure, the grain size of the prior austenite, 
the chemical composition of the steel and the temperature of austenitizing [18]. Based on the results for 
the austenitizing temperature and the austenitizing time, 800oC and 60min have been extracted to achieve 
fine grains [19]. Since mechanical properties depend on the microstructure, examination of the effect of 
microstructure on the strength and ductility is the main concern of researchers [1]. Room temperature 
tensile properties, Charpy impact energy, reduction of area, elongation and hardness of the steels after 
various heat treatment are given in Table4. 
Table 4. Mechanical properties for various treatments. 
Heat treatment 
(according the 
definition in Table3) 
Tensile Strength 
(MPa) 
Impact Energy (J) Reduction of Area (%) Elongation 
(%) 
Hardness 
(HV30) 
IA1 1508 6 17.5 8.5 394 
IA2 1542 11 37.5 9 427 
UQA 1353 33.5 42 9.5 580 
MA 1619 28.5 40.5 9 481 
Seyed Majid SAFI and Mohammad kazem BESHARATI GIVI\ / Energy Procedia 14 (2012) 608 – 612 6114 Author n me / Energy Procedia 00 (2011) 000–000 
At first stage, the effect of temperature on the isothermal austempering transformation has been tested 
(IA1, IA2, according the definitions in Table3). Bainitic reaction starts with nucleation of bainatic ferrite 
[1, 20]. The rate of nucleation depends on temperature [21], because it is a sympathetically transformation 
[22, 23]. Based on the incomplete reaction phenomenon of bainite [1, 24], the upper bainite morphology 
is probably in IA1 with a little amount of retained austenite, and lower bainite morphology is in IA2 with 
a little amount of retained austenite [25]. In Table4, (IA1, IA2), it can be seen that with reduction of 
temperature, the impact energy and tensile strength increase. Surveys show that all of the factors that 
increase the strength have a destructive effect on ductility excluding the decrement of the microstructure 
size and the grain size of the prior austenite [26]. Hence, the reduction of temperature increases the rate of 
the bainite nucleation and decreases the aspect ratio of carbides. Also, the existence of inter lath cementite 
in upper bainite decreases the impact energy [27].  
At the second stage of this investigation, the effect of up-quenching austempering [2] on the 
mechanical properties has been examined. This method consists of interrupt quenching at a temperature 
just below the martensitic transformation temperature Ms, followed by tempering at higher temperature 
before final cooling. Therefore, a mixed structure of tempered martensite and upper bainite and a little 
amount of retained austenite after UQA (up-quenching austempering, according the definitions in Table3) 
and a mixed structure of tempered martensite and lower bainite and a little amount of retained austenite 
after MA (modified austempering, according the definitions in Table3), are reached.  
Based on this theory, the short term tempered martensite plates, subdivide region of austenite, and the 
strengthening of matrix is in accordance with the Hall-Petch relationship [2]. In Table4, (MA), it can be 
seen that the strength is enhanced by the mixed structure of acicular lower bainite and tempered 
martensite. Reduction of strength in UQA is due to the packet size of upper bainite and the reduction of 
dislocation density. 
It is noticeable that the proposed up-quenching austempering heat treatment by professor Tomita [2] 
has been modified in this investigation. The austenitizing temperature in the proposed austempering was 
860oC, but in this investigation, it is 800oC and this is the first step to save energy. The austempering time 
was 20 hours in the proposed austempering that is uneconomical because after 1000 seconds (1ks), the 
bainitic transformation is almost complete and the extra time has a very small effect on the transformation 
[25]. Thus, in this investigation 1ks has been chosen for austempering and this is the second step to save 
energy. In the proposed method by professor Tomita, at the end of heat treatment, water quench has been 
used. However, in this investigation air cooling has been chosen, because water quench causes quenching 
stresses to the specimens. At last, in the proposed method the mixed structure of tempered martensite and 
upper bainite has been suggested (UQA). However, it has been shown that the mixed structure of 
tempered martensite and lower bainite (MA) that has been suggested in this investigation offers a good 
combination of strength and ductility and this is the third step to save energy by reduction of furnace 
temperature from 500oC to 400oC.
The technical reason for this improvement is due to the fact that it has increased the dislocation density 
[1]. As a result of the increase of the dislocation density, in the morphology, the inter lath carbide 
(e.g.cementite) decreases and the intra lath carbide increases [1]. 
4. Conclusion 
   A modified austempering method to the heat treatment of AISI4340 steel has been presented. This 
method: 
• yields maximum strength, maximum elongation and very good impact energy. 
• is applicable to all UHSS. 
• is simple and for heavy parts leads to a weight reduction. 
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• can be combined with other processes such as thermomechanical methods. 
• can offer techniques that simultaneously improve not only strength, but also ductility to the highest 
degree, while conventional heat treatment of ultra high strength steels cannot always meet the strict 
engineering requirements for improved strength and ductility simultaneously. 
• is a better heat treatment for saving energy.  
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